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We report a demonstration of two-dimensional (2D) terahertz (THz) magnetic resonance spectroscopy
using the magnetic fields of two time-delayed THz pulses. We apply the methodology to directly reveal the
nonlinear responses of collective spin waves (magnons) in a canted antiferromagnetic crystal. The 2D THz
spectra show all of the third-order nonlinear magnon signals including magnon spin echoes, and
2-quantum signals that reveal pairwise correlations between magnons at the Brillouin zone center. We
also observe second-order nonlinear magnon signals showing resonance-enhanced second-harmonic and
difference-frequency generation. Numerical simulations of the spin dynamics reproduce all of the spectral
features in excellent agreement with the experimental 2D THz spectra.
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Nonlinear manipulation of spins is the basis for all
advanced methods in magnetic resonance including multi-
dimensional nuclear magnetic resonance and electron spin
resonance (ESR) spectroscopies [1,2], magnetic resonance
imaging, and, in recent years, quantum control over indi-
vidual spins [3]. The methodology is facilitated by the ease
with which the regime of strong coupling can be reached
between radio frequency or microwave magnetic fields and
nuclear or electron spins, respectively, typified by sequences
of magnetic pulses that control the magnetic moment
directions [1–3]. The capabilities meet a bottleneck, how-
ever, for far-infrared magnetic resonances characteristic
of correlated electron materials, molecular magnets, and
metalloproteins.
ESR in the terahertz (THz) frequency region can reveal
rich information content in chemistry, biology, and materials
science [1,2,4–7]. In molecular complexes and metallopro-
teins, THz-frequency zero-field splittings (ZFS) of high-spin
transition-metal and rare-earth ions show exquisite sensitiv-
ity to ligand geometries, providing mechanistic insight into
molecular magnetic properties [4] and protein catalytic
function [5]. With strong applied magnetic fields (∼10 T),
resonances of unpaired electron spins in molecular com-
plexes can be shifted from the usual microwave regime into
the THz range, drastically improving the resolution due to
enhanced spectral splittings [2,6,7]. In many ferromagnetic
(FM) and antiferromagnetic (AFM) materials, intrinsic
magnetic fields in the same range put collective spin waves
(magnons) in the THz range. Current ESR spectroscopy
remains limited at THz frequencies because theweak sources
used only permit measurements of free-induction decay
(FID) signals that are linearly proportional to the excitation
magnetic field strength. In some cases, including most
proteins, even linear THz-frequency ESR signals may not
be measurable because the THz spectrum includes much
stronger absorption features due to low-frequencymotions of
polar segments [8]. However, the fast dephasing of such
motions ensures that they would not compete with nonlinear
spin echo signals [9]. Two-dimensional (2D) THz ESR
spectroscopy, like 2D ESR at lower frequencies, could
provide extensive insight into spin interactions and dynamics
in these systems. The extension of established, commercially
available methodologies in multidimensional magnetic res-
onance spectroscopy to the THz frequency range will find a
wide range of applications spanning multiple disciplines.
Magnons in materials with spin order such as FM and
AFM phases have been studied with continuous-wave and
pulsed THz fields, revealing the magnon frequencies
through their FID signals [10,11] and demonstrating linear
superposition in the responses to time-delayed pulse pairs
[11,12]. Nonlinear spectroscopy and coherent control could
unravel complex spin interactions in AFM-to-FM order
switching [13], colossal magnetoresistance [14], and multi-
ferroicity [15], and could enable new applications in
quantum computing [16], nonvolatile memory [17], and
spintronics [18] at unprecedented time scales [19–21]. THz
nonlinear spectroscopy and coherent control have been
demonstrated recently in various systems, almost exclu-
sively utilizing THz electric fields [22]. So far there are very
limited examples of nonlinear THz resonant driving of
spins [23] and none in which distinct nonlinear responses
are separated from linear responses and from each other as
is typical in 2D magnetic resonance spectroscopy.
Here, we explore the nonlinearity of magnons using
time-delayed intense THz pulse pairs. We develop 2D THz
magnetic resonance spectroscopy, which can be understood
in terms of multiple field-spin interactions that generate the
nonlinear signal fields, similar to conventional 2D magnetic
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resonance but in the low-order perturbative regime more
typical of 2D optical spectroscopies. Magnons are reso-
nantly excited without promoting electrons to excited states
(as in most spintronics excitation) and hence the observed
nonlinearities are of purely magnetic origin.
The material under study is single-crystal (a-cut, 2-mm
thickness) YFeO3 (YFO). The ground state has canted
AFM order [10,24] with a net magnetization M along the
crystal c axis as shown in Fig. 1(a) [11,25,26] (for details
see Fig. S1 in Ref. [27]). Two THz-active magnon modes,
the quasi-AFM (AF) and quasi-FM (F) modes, can be
constructed based on different cooperative motions of
sublattice spins S1 and S2. Macroscopically, the AF mode
corresponds to amplitude oscillation ofM and the F mode
to precession of M. In YFO at room temperature, the
AF mode at fAF ¼ 0.527 THz and the F mode at fF ¼
0.299 THz can be selectively excited by orienting the
crystal such that M is parallel and perpendicular, respec-
tively, to the THz magnetic field polarization. Upon THz
excitation, magnons radiate FID signals BðtÞ at their
frequencies, revealing the linear-response spin dynamics.
We measured the FID signal fields for each magnon mode
shown in Fig. 1(b) through time-dependent electro-optic
sampling (EOS) measurement [32] of the associated
electric field. Fourier transformation (FT) of the FID
yields the linear spectrum for each magnon mode as shown
in Fig. 1(c).
Figure 2(a) shows the experimental geometry schemati-
cally (for details see Sec. II in Ref. [27]). Two collinearly
propagating single-cycle THz pulses denoted as A and B
were generated in a LiNbO3 crystal by optical rectification
utilizing the tilted-pulse-front technique [33,34]. THz
pulses A and B both with magnetic field polarization
(horizontal in the laboratory frame) parallel to M were
focused onto the sample, resulting in magnetic field
strengths BA ¼ 0.14 T and BB ¼ 0.11 T (corresponding
to EA ¼ 420 kV=cm and EB ¼ 340 kV=cm), to excite the
AF mode. Rotating the sample about the crystal a axis by
90° such that M was perpendicular to the THz magnetic
field polarization allowed excitation of the F mode. In each
geometry, at an interpulse delay τ we recorded the coherent
time-dependent signal field Bðt; τÞ emerging from the
sample by EOS. We implemented a differential chopping
detection method [35] to isolate the nonlinear signal
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FIG. 1. (a) The canted AFM order in YFO leads to a net
magnetizationM along the crystal c axis. S1 and S2 are the Fe3þ
electron spins ordered along the crystal a axis. The AF mode is
the amplitude oscillation ofM while the F mode is the precession
of M. (b) Single THz pulses transmitted through the sample
followed by FID signals from the AF (blue) and F (red) modes.
(c) FT magnitude spectra of the FID signals from both magnon
modes, showing magnon resonances at fAF ¼ 0.527 THz and
fF ¼ 0.299 THz.
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FIG. 2. (a) Schematic experimental geometry. Two THz pulses
delayed by τ with magnetic field polarization parallel toM excite
the AF mode. At each delay τ, BNLðt; τÞ copolarized with input
THz magnetic fields is measured by EOS as a function of t.
Rotating the sample about the crystal a axis by 90° such thatM is
perpendicular to the THz magnetic fields allows the measurement
of the F mode. (b) AF mode magnon signals induced by THz
pulse A (BA, blue) and B (BB, red) individually. (c) Magnon
signal with the presence of both THz pulses at τ ¼ 3.7 ps (BAB,
black) and the nonlinear signal (BNL magnified 50×, magenta).
(d) FT magnitude spectrum of the oscillatory signal in BNL
reveals χð3Þ and χð2Þ peaks at fAF and 2fAF.
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resulting from magnons interacting with both THz pulses.
The nonlinear signal field BNL is
BNLðt; τÞ ¼ BABðt; τÞ − BAðt; τÞ − BBðtÞ; ð1Þ
where BAB is the signal with both THz pulses present, and
BA and BB are signals with THz pulse A and B present
individually. As an example, we show in Figs. 2(b) and 2(c)
the t-dependent signalsBA,BB, BAB, andBNL from the AF
mode at a delay τ ¼ 3.7 ps (twice the AF mode period).
The amplitude in BAB is coherently enhanced as the
magnon coherences induced by each THz pulse are in
phase [11,12]. In BNL, a phase shift of 3π=2 with respect to
BAB and asymmetric distortion are noticeable. The shifted
phase is that of the χð3Þ magnon response. The asymmetry
indicates a χð2Þ signal from second harmonic generation
(SHG). Both features are resolved in the FT spectrum of the
oscillatory signal inBNL, revealing the χð3Þ and χð2Þ spectral
peaks at fAF and 2fAF, respectively, as shown in Fig. 2(d).
The experimental 2D time-domain traces BNLðt; τÞ for
each magnon mode in YFO are displayed in Fig. 3.
Oscillations along the τ axis reveal the dependence of
the nonlinear signal on particular frequency components of
the incident THz fields, and oscillations along the t axis
reveal the frequency components in the nonlinear signal
field. 2D FTof time-domain tracesBNLðt; τÞwith respect to
τ and t yield 2D spectra as functions of excitation frequency
ν and detection frequency f. The 2D magnitude spectrum
for each magnon mode is shown in Figs. 4(a) and 4(c). The
difference in phase accumulation of the induced magnon
coherence during time periods τ and t allows the 2D spectra
to be separated into nonrephasing (NR) and rephasing (R)
quadrants with correspondingly positive and negative
values of ν. Along ν ¼ 0 there is a pump-probe (PP)
spectral peak, which results from THz-field-induced mag-
non population without phase accumulation.
The 2D spectrum for each magnon mode shows the
complete set of χð3Þ nonlinear signals, which are observed
experimentally for the first time in THz-frequency spin
systems. The R (spin echo [9]) and NR peaks each result
from a single field interaction during pulse A that creates a
first-order magnon 1-quantum coherence (1QC). After
delay τ, two field interactions during pulse B generate a
magnon population and then a third-order 1QC, which is
either phase reversed (R) or not (NR) relative to the first-
order 1QC, radiating the nonlinear signal. The 2-quantum
(2Q) peak arises from two field interactions during pulse A
that create a second-order magnon 2-quantum coherence
accumulating phase at twice the magnon frequency and,
after time τ, one field interaction during pulse B that
induces transitions to a third-order 1QC radiating the
signal. The 2Q signal reveals correlations between pairs
of zone-center magnons [36], which are distinct from zone-
boundary magnon correlations revealed in two-magnon
Raman spectra [37]. The PP signal is generated by two field
interactions during pulse A that create a magnon population
and, after delay τ, one interaction with pulse B that
generates a third-order 1QC radiating the signal. The
χð3Þ peak at fAF shown above in Fig. 2(d) is a sum of
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FIG. 3. Normalized 2D time-time plots of BNLðt; τÞ from the
AF (a) and F (b) mode magnons, respectively. Amplitudes
exceeding 0.8 are saturated in the color map.
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FIG. 4. 2D THz magnetic resonance spectra of magnons in
YFO. (a),(b) Experimental (a) and simulated (b) AF mode 2D
magnitude spectra. χð3Þ spectral peaks include rephasing (R),
nonrephasing (NR), pump-probe (PP), and 2-quantum (2Q)
peaks. χð2Þ peaks include second harmonic generation (SHG)
and THz rectification (TR) peaks. (c),(d) Experimental (c) and
simulated (d) F mode 2D magnitude spectra showing the full set
of χð3Þ peaks. The artifacts are due to the signal double reflections
in the sample. Each spectrum is normalized to its maximum
amplitude. Amplitudes above 0.5 in (a) and (c) are saturated in the
color map.
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these signals at the selected τ ¼ 3.7 ps. Additional χð2Þ
spectral peaks due to SHG and THz rectification (TR) are
identified in the AF mode 2D spectrum. The signals are
emitted by a χð2Þ magnetization resulting from sum- and
difference-frequency mixing of the magnon coherences
generated by each THz pulse,
Mð2Þð2ωAFÞ ¼ χð2Þð2ωAF;ωAF;ωAFÞBðωAFÞBðωAFÞ; ð2Þ
Mð2Þð0Þ ¼ χð2Þð0;−ωAF;ωAFÞBðωAFÞBðωAFÞ: ð3Þ
The assignment of the signal in each pathway is further
elaborated in Sec. VI in Ref. [27]. The orders of the
nonlinear signals are confirmed by field dependence
measurements (see Sec. III in Ref. [27]).
Numerical calculations of the sublattice spin dynamics
based on the Landau-Lifshitz-Gilbert (LLG) equation were
performed to help understand the microscopic origins of
the signals observed. The LLG equation used (Sec. IV in
Ref. [27]) is derived from the Hamiltonian [38]
H ¼ −JS1 · S2 þ D · ðS1 × S2Þ −
X
i¼1;2
ðKaS2ia þ KcS2icÞ
− γ½BTHzA ðt; τÞ þBTHzB ðtÞ ·
X
i¼1;2
Si: ð4Þ
The first term describes the AFM coupling between
neighboring spins S1 and S2 with a negative exchange
constant J. The second term describes the Dzyaloshinskii-
Moria (DM) interaction with the antisymmetric exchange
parameter D a vector along the crystal b axis. The interplay
between them results in the canted AFM order shown in
Fig. 1(a). The third term accounts for the orthorhombic
crystalline anisotropy along the crystal a and c axes
manifested as the ZFS of the unpaired spins of the high-
spin Fe3þ. The last term is the Zeeman interaction between
spins and THz magnetic fields, with γ the gyromagnetic
ratio. Numerically solving the LLG equation with the input
THz magnetic pulse pair copolarized along either the
crystal c or b axis, we obtained two vectorial solutions
of the net magnetization M. We extracted the nonlinear
temporal responses of jMj and Mb with the THz magnetic
fields polarized along the crystal c and b axes, respectively,
corresponding to the experimental observables BNL for
each mode. 2D FT yielded the simulated 2D spectrum of
each magnon mode shown in Figs. 4(b) and 4(d), exhibiting
excellent agreement with the experimental results. Note
that in the simulations, neither the THz electric fields nor
any nonmagnetic responses were considered, which con-
firms the magnetic origin of the observed nonlinearity.
In the simulation of the F mode, χð2Þ signals were
observed, which were found to emerge from the time-
varyingMc (see Sec. Vand Fig. S8 in Ref. [27]). Although
χð2Þ signal polarizations are perpendicular to the incident
THz magnetic fields in the case of the F mode [i.e., type-II
χð2Þ processes], EOS detection would still allow for the
detection of the former [39]. However, the birefringent
YFO crystal has a large difference between the THz
refractive indices along the crystal b and c axes, along
which the fundamental and χð2Þ THz magnetic fields are
polarized, respectively. The crystal thickness used is much
larger than the coherence lengths for the type-II SHG and
TR (see Sec. V in Ref. [27]). The absence of χð2Þ signals in
the F mode experimental data is hence attributed to phase
mismatching. In the case of the AF mode, phase mis-
matching for the type-I χð2Þ signals is determined by crystal
dispersion and is expected to be much smaller than that of
the F mode. Analyzing the trajectories of S1 and S2 we note
that the SHG and TR signals are due to large-angle spin
precessions [40] (for details see Sec. VII in Ref. [27]). The
maximum excursions of S1 and S2 from their orientations at
equilibrium are estimated to be 0.5° under our THz
magnetic fields. Comparing simulations with and without
the DM interaction (i.e., canted AFM order versus perfect
AFM order), we found that the χð2Þ responses in each
magnon mode were observed only with the DM term. As is
discussed in Ref. [41], the SHG signals should cancel
perfectly in a perfect AFM system even in the large-angle
precession regime. In YFO where the DM interaction
results in canted AFM order, the nonlinear motions of
each sublattice spin along the direction ofM do not cancel
perfectly. The SHG signal appears in the large-angle
precession regime because the magnetization M is satu-
rable [41] (for details see Sec. VII in Ref. [27]). This is
consistent with our simulation results showing χð2Þ signals
in both magnon modes that are parallel to M.
Magnetization-induced SHG has been observed in ferro-
magnetic systems in the microwave frequency range [40],
but rectification signals have not been observed before. The
connection between SHG and 2Q signals, which derive
from the same two-magnon coherences, is also newly
observed. The two-magnon coherences can radiate directly
at the magnon second-harmonic frequency if phase match-
ing is satisfied or can be projected by a third field
interaction to 1QCs that radiate at the magnon frequency.
In the latter case, even if phase matching is not fulfilled,
2Q signals are still observable in the 2D spectra. See Sec. V
in Ref. [27] for further discussion. It is also worth noting
that in a perfect AFM system, two-magnon coherences,
which are not observable by magnon SHG signal emission
or optical detection such as Faraday rotation, are expected
to appear in the 2D spectrum as 2Q signals.
In conclusion, we have demonstrated 2D magnetic
resonance spectroscopy of THz-frequency magnons and
directly observed nonlinear spin responses. The method is
generalizable to other THz-frequency magnetic resonances
such as spin transitions in molecular complexes and
biomolecules with high ZFS. Further enhancement of
the THz magnetic fields by novel THz sources [42],
magnetic metamaterials [23], and resonant cavities will
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reveal magnetic nonlinearities far beyond the present
perturbative regime such as anharmonic couplings between
magnetic modes and anharmonic magnetic potentials [23]
in rare-earth orthoferrites and other magnetic systems,
which will be manifested, respectively, by off-diagonal
peaks and anharmonic shifts of the diagonal peaks [43].
The methodology enables study of coupled degrees of
freedom in various systems such as multiferroics utilizing
both THz magnetic and electric fields. THz magnetic fields
approaching π pulse areas may enable coherent control
over magnetic domain orientations [44] and promising
applications in magnon spintronics [18].
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